Nearly identical mixed-function supraoperons (defined as nested transcriptional units encoding gene products that function in more than one biochemical pathway) have been found recently in Pseudomonas stutzeri and Pseudomonas aeruginosa. The Pseudomonas serC(pdxF)-aroQ p •pheA-hisH b -tyrA c -aroF-cmk-rpsA supraoperon encodes 3-phosphoserine aminotransferase, a bidomain chorismate mutase/prephenate dehydratase, imidazole acetol-phosphate aminotransferase, cyclohexadienyl dehydrogenase, 5-enolpyruvylshikimate 3-phosphate synthase, cytidylate kinase, and 30S ribosomal protein S1. These enzymes participate in the biosynthesis of serine, pyridoxine, histidine, phenylalanine, tyrosine, tryptophan, and aromatic pathway vitamins and cytidylic acid, in addition to the general role of RpsA in the process of protein synthesis. Features that suggest supraoperon-wide translational coupling are the highly compressed intergenic spacing (including overlapping stop and start codons), as well as possible hairpin structures in mRNA, which could sequester many of the ribosome-binding sites. The hisH-tyrA-aroF segment corresponds to the distal genes of the classic Bacillus subtilis supraoperon. Extensive comparative analysis of the member genes of both the Bacillus and Pseudomonas supraoperons from organisms represented in the entire database revealed unmistakable organizational conservation of these genes across wide phylogenetic boundaries, although considerable gene shuffling was apparent. The persistence of aroE-aroB, hisH b -tyrA-aroF, and cmk-rpsA throughout both the gram-negative and grampositive assemblages of bacteria, but the absence in Archaea, suggests an ancestral gene organization that occurred in bacteria after the separation of the bacterial and archaeal domains. In gram-negative bacteria, the hisH b -tyrA c -aroF grouping may have been expanded (as with the Pseudomonas supraoperon) and then subsequently collapsed (as with the Escherichia serC-aroF supraoperon) via gene shuffling that is herein equated with gene fusion events.
INTRODUCTION

Operon organization of genes
T hese modern times of whole-genome sequencing provide an unprecedented opportunity to evaluate gene organization. To what extent does a given cluster of genes remain linked together across what phylogenetic distance? What relationships exist between genes that might account for bringing them together and keeping them together?
Escherichia coli has provided the classic experimental system where multicistronic transcriptional units, such as the lac operon, the trp operon, and the his operon, were first elucidated. It initially was widely presumed that most genes specifying enzymes belonging to a particular biochemical pathway would be organized into operons dictating the formation of a single polycistronic mRNA. Such transcriptional units could be upregulated and downregulated via the interaction of cis-acting (e.g., operators) and trans-acting (e.g., activator or repressor proteins) regulatory elements, thus providing a mechanism to coordinate an appropriate rise and fall of all the enzymatic machinery cognate to a specific pathway.
It eventually became apparent that this attractive picture was an oversimplification. For example, in contrast to expectations raised by the elucidation of the his and trp operons in E. coli, the genes specifying the eight-step arginine biosynthesis pathway are scattered along the chromosome. Some of the classic operons, for example, the histidine operon, have subsequently proven to exhibit unanticipated features of complexity, such as internal promoters (Winkler, 1996) , and in many cases, an unexpected admixture of genes of unknown function (Alifano et al., 1996) . Furthermore, biochemical pathway gene organization in even fairly closely related organisms did not necessarily prove to be highly conserved. For example, trp pathway genes in Pseudomonas aeruginosa are scattered into three widely spaced groups rather than coexisting within one operon, as they are in E. coli (Crawford, 1989) .
Mixed-function supraoperons
Even more surprising than the finding that genes directly related to a specific biochemical pathway were not always joined to a common promoter was the recognition that genes specifying apparently unrelated gene products sometimes coexisted within common transcriptional units. These have been variously termed mixed-function operons (Duncan and Coggins, 1986) , complex operons (Tsui et al., 1994a) , supraoperons (Tsui et al., 1994b) , multifunctional operons (Man et al., 1997) , or supraoperons (Henner and Yanofsky, 1993; Xie et al., 1999) . The following nomenclature is suggested. Simple operons correspond to single transcriptional units encoding single pathway gene products. Mixed-function operons denote single transcriptional units encoding multiple pathway gene products. Supraoperons denote nested transcriptional units encoding single pathway gene products. Mixed-function supraoperons denote nested transcriptional units encoding multiple pathway gene products.
In one case, Bacillus subtilis has positioned a classic trp operon inside a larger transcriptional unit (Henner and Yanofsky, 1993 ). An upstream aroGBH operon overlaps the trp promoter, the aroH stop codon is within the aroGBH terminator, and the aroGBH terminator is synonymous with the trp attenuator. A third operon (hisH b -tyrA p -aroF) downstream overlaps the trp operon, and readthrough trp transcripts can proceed through the hisH b -tyrA p -aroF operon.
Well-documented examples of mixed-function supraoperons in E. coli can be cited.
(1) The amiB-mutLmiaA-hfq-hflX-hflK-hflC system governs functions that include cell wall hydrolysis (amiB), DNA repair (mutL), tRNA modification (miaA), and proteolysis (hlfX-hlfK-hflC) (Tsui et al., 1994a,b) . The supraoperon includes two additional genes of unknown function in the upstream region. Quite elaborate overall mechanisms of transcriptional control have been demonstrated. These include the use of multiple internal promoters, rho-dependent and rho-independent intraoperon attenuation, and RNA processing. (2) The aroKaroB-urf-dam-rpe-gph-trpS system governs functions that include shikimate kinase (aroK), dehydroquinate synthase (aroB), DNA adenine methyltransferase (dam), D-ribulose-5-P epimerase (rpe), 2-phosphoglycolate phosphatase (gph), and tryptophanyl-tRNA synthetase (trpS) (Lyngstadass et al., 1995) . (3) The serC(pdxF)-aroF system links the 3-phosphoserine aminotransferase step of serine biosynthesis and a transamination step of pyridoxine biosynthesis with the 5-enolpyruvylshikimate 3-phosphate (EPSP) syn-XIE ET AL.
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INTERGENOMIC GENE ORGANIZATION 7 thase step in the common early pathway of aromatic amino acid biosynthesis (Duncan and Coggins, 1986; Lam and Winkler, 1990) .
The serC(pdxF)-aroF mixed-function supraoperon
Attempts to explain the E. coli serC(pdxF)-aroF gene organization in terms of functional interpathway relationships have been pursued quite extensively (Man et al., 1997) . A rationale to explain why synthesis of SerC(PdxF) and AroF should be coordinated includes (1) their function in biosynthetic pathways (pyridoxine and aromatic amino acids), which, although formally separate, each draw on a common pool of erythrose-4-P, (2) their joint roles in the synthesis of an iron siderophore, enterochelin, which is derived from both serine and chorismate, and (3) their joint roles in the formation of L-tryptophan, as it is derived from both serine and chorismate. Thus, the serC(pdxF)-aroF operon may provide the means of coordinating the expression of these two genes so that enterochelin biosynthesis can proceed efficiently in response to iron starvation, as well as so that serine and chorismate availability can be tuned to the varying demands for tryptophan biosynthesis. Exactly how control of only a single gene from each of these complex pathways could coordinate flux to enterochelin and to L-tryptophan, however, is not at all clear.
Transcription analysis suggests that the downstream aroF is controlled by transcription attenuation, a mechanism involving modulation of the efficiency of a transcription terminator (Man et al., 1997) . There is a promoter in front of serC (pdxF) , an attenuator between serC and aroF, and a terminator following aroF. Transcriptional analysis revealed that two major transcripts were initiated from a promoter upstream from serC(pdxF). About 88% of serC transcripts were present in single gene mRNA molecules that likely arose by rho-independent termination between serC and aroF. The remaining 12% of the transcripts continued through aroF and terminated at another rho-independent terminator near the end of aroF. Recently, it was reported that expression of the serC(pdxF)-aroF supraoperon is regulated over a 22-fold range by global regulatory mechanisms, with transcription being regulated positively by Lrp and negatively by CRPcAMP (Man et al., 1997) .
The characterization of mixed-function supraoperons in the foregoing examples reveals a general picture of a compact array of cistrons and a complexity of multiple, overlapping transcripts that arise as the result of internal promoters or internal attenuators or both. Thus, superimposed on the simplicity of coordinate gene expression from a whole-system readthrough transcript initiated at the far upstream promoter are possibilities for differential regulation of segmental gene combinations in response to appropriate control cues.
Supraoperon units and interlocking metabolic relationships
The preceding section indicates that known supraoperons contain genes whose relationships with one another are not always straightforward. However, metabolic pathways are a highly branched interwoven network, and unexpected coregulation of any given genes probably reflects little considered metabolic ties exerted at a more global level.
A putative mixed-function supraoperon recently found in P. aeruginosa and Pseudomonas stutzeri (Xie et al., 1999) contains genes of serine, pyridoxine 5Ј-phosphate, histidine, and aromatic amino acid biosynthesis. The latter pathways are treated in textbooks as separate pathways for practical reductionistic reasons. However, these pathways are, in fact, linked in many ways. Figure 1 is an attempt to illustrate some pathway relationships that are not ordinarily considered and that may prove relevant to the highly conserved linkages of certain interpathway genes described in this article. Figure 1 shows that erythrose-4-P is a common precursor of not only aromatic amino acids and aromatic vitamins but also of pyridoxal 5Ј-phosphate. L-Tryptophan and L-histidine both draw on a common pool of PRPP as an early substrate. Every molecule of biosynthetic L-tryptophan produced requires one molecule of L-serine input. As the release of glyceraldehyde-3-P in the tryptophan synthase reaction can be salvaged for recycling to serine biosynthesis, SerC(PdxF) can be viewed as the equivalent of a transamination step that is indirectly responsible for the amino group that is ultimately placed in the side-chain of tryptophan (Xie et al., 1999) . Each turn of the cycle results in the net donation of an ␣-amino group to L-tryptophan that is derived from L-glutamate via the prior catalytic activity of SerC. Thus, the SerC(PdxF) aminotransferase participates not only in both Lserine and pyridoxal 5Ј-phosphate biosynthesis but also in tryptophan biosynthesis. The HisH b aminotransferase is competent to participate in the biosynthesis of L-phenylalanine and L-tyrosine, in addition to L-histidine (Gu et al., 1995; Jensen and Gu, 1996) . The pathway end product, pyridoxal 5Ј-phosphate, which depends on SerC(PdxF) for its biosynthesis, is itself an essential cofactor for SerC(PdxF) (and for HisH b ) function. L-Serine and chorismate of the aromatic amino acid pathway are both precursors for synthesis of the iron siderophore, enterochelin.
Some of the foregoing interlocking relationships apply to a broader distribution of organisms than others. Thus, at one extreme, the input of L-serine into L-tryptophan biosynthesis appears to be universal. On XIE ET AL.
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FIG. 1.
Interlocking metabolic relationships of biosynthetic pathways leading to pyridoxal 5Ј-phosphate (PLP), serine (SER), histidine (HIS), enterochelin, and the aromatic amino acids. The serine salvage pathway recycles glyceraldehyde-3-phosphate to 3-phosphoglycerate via the two glycolytic enzymes, glyceraldehyde-3-P dehydrogenase (GapA) and phosphoglycerate mutase (Pgk). Ovals transect arrows depicting the several reactions catalyzed by 3-phosphoserine aminotransferase [SerC(PdxF)] and imidazole acetol phosphate aminotransferase (HisH b ). The PheA p and PheA a reactions can both be catalyzed by the broad-specificity PheC enzyme (Table 1) . Likewise the TyrA p and TyrA a reactions can both be catalyzed by TyrA c . E4P, erythrose-4-phosphate; PEP, phosphoenolpyruvate; PPA, prephenate; AGN, L-arogenate; PPY, phenylpyruvate; PHE, L-phenylalanine; HPP, 4-hydroxyphenylpyruvate; TYR, L-tyrosine; TRP, Ltryptophan; PRPP, phosphoribosylpyrophosphate; Gln, L-glutamine; Glu, glutamate; AroA through AroG (see Table 1 ); HisH n , narrow-specificity imidazole acetolphosphate aminotransferase; AroQ, chorismate mutase (note the existence of two other homology classes denoted AroH and AroR (Gu et al., 1997) ; PheA p , TyrA p , PheA a , and TyrA a (see Table  1 ); TrpA and TrpG, large and small subunits of anthranilate synthase; TrpB, anthranilate phosphoribosyl transferase; TrpC, phosphoribosyl anthranilate isomerase; TrpD, indoleglycerol phosphate synthase; TrpE and TrpF, ␤ and ␣ subunits of tryptophan synthetase; SerA, 3-phosphoglycerate dehydrogenase; SerB, 3-phosphoserine phosphatase; GapB, erythrose-4-P dehydrogenase; PdxB, 4-phosphoerythronate dehydrogenase; PdxA and PdxJ are thought to be involved in formation of the PNP pyridine ring from 1-deoxy-D-xylulose and 4-phosphohydroxy-L-threonine (Hill and Spenser, 1996) . the other hand, some relationships are much more narrowly distributed; for example, enterochelin is made by enteric bacteria but not by Pseudomonas species. (However, another siderophore compound made by P. aeruginosa called pyoverdine [Merriman et al., 1995; Wendenbaum et al., 1983] does resemble enterochelin in that both chorismate and serine provide precursor input.)
GENE AND GENE PRODUCT ACRONYMS
In this report, a comparative analysis of gene organization is pursued extensively. The contemporary erratic naming of genes in different organisms is an increasingly awkward problem when such comparisons are attempted, and a universal naming system is inevitable. Therefore, uniform acronyms are proposed as set forth in Table 1 . Many of these acronyms have already been established by Gu et al. (1997) and Subramaniac et al. (1998) (Subramaniac et al., 1998) ; for example, aroA Y encodes an E. coli isoenzyme of DAHP synthase that is sensitive to feedback inhibition by tyrosine.
In this article the gene families represented by the individual gene members of the Pseudomonas supraoperon are analyzed comprehensively. This is followed by an overview of the dynamics of gene organization that can be inferred from information in the database about the genes that reside in the Pseudomonas and Bacillus supraoperons.
THE serC GENE FAMILY
SerC members comprise one protein family within a huge aminotransferase superfamily assemblage . A multiple alignment of 17 deduced amino acid sequences is presented in Figure 2 , which includes SerC representatives from eukarya (animals, plants, and microorganisms), bacteria, and archaea. A total of 21 residues are invariant throughout the phosphoserine aminotransferase family, including the 4 that are invariant throughout the larger aminotransferase superfamily . The latter four residues, which include the active site lysine, are marked with asterisks in Figure 2 . An additional 9 residues are invariant except for SerC from Methanosarcina barkeri, the single archaeon representative available. It is curious that current genome annotations of three archaeon organisms indicate the presence of serA and serB orthologues but absence of a serC orthologue. As nifS is an established, albeit remote, serC homologue and as these archaeon organisms process nifS genes, the latter might be functional equivalents of serC. Because the three sequences at the bottom of Figure 2 exhibit only 20% or less identity with biochemically established phosphoserine aminotransferases, it must be conceded that these might in fact have some other substrate specificity. The latter qualification aside, the consensus motif identified as a signature for phosphoserine aminotransferase (Van der Zel et al., 1989) and marked in Figure 2 is no longer absolute with the inclusion of the two most outlying groups shown at the bottom of the Figure 2 dendrogram. Various short motifs are strongly conserved (e.g., FxxGP near the N-terminus), however.
It would be interesting to know the extent to which the various serC homologues other than E. coli serC are competent for PdxF function. Our functional complementation results (Xie et al., 1999) with an E. coli serC(pdxF) mutant have indicated that the P. stutzeri SerC enzyme must have a broad specificity that includes 3-hydroxy- 4-phospho-␣-ketobutyrate (the substrate used by PdxF). We searched the P. aeruginosa genomic database for a serC paralog that might, in contrast to the results with P. stutzeri, encode a narrow specificity PdxF. A search in all six frames did not reveal any paralog candidate. This, plus the presence of a pdxB gene in the P. aeruginosa genome, implies that both P. stutzeri and P. aeruginosa possess E. coli-like serC(pdxF) genes.
The dendrogram of Figure 2 does not always show SerC relationships that mirror the phylogeny of the home organisms. For example, the Mycobacterium SerC representatives cluster with the archaeon homologue rather than with other bacterial homologues. (Alternatively, this might be explained by a different substrate specificity, as discussed previously.) Bacillus SerC representatives cluster with higher plant SerC homologues rather than with other eubacteria, which could imply an endosymbiotic relationship.
THE aroQ GENE FAMILY
Chorismate mutases in nature fall into three distinct homology families (Gu et al., 1997, and refs. therein) . Members of the AroQ protein family exhibit low pairwise identities, but conserved catalytic residues es-
FIG. 2.
Multiple alignment of deduced amino acid sequences of SerC. The PILEUP software program of GCG was used to obtain the multiple alignment shown. The dendrogram generated is shown at the upper left. Immediately to the right of the dendrogram are individual designations and accession or contig numbers. Ending residue numbers are shown at the right of each horizontal data block. Invariant residues within all six clusters compared are boxed, and highly conserved residues are printed in boldface type. The four invariant residues in the group of vitamin B 6 -dependent aminotransferases, including the active site lysine, are marked with an asterisk. Center dots indicate gaps introduced to optimize the alignment. In many aminotransferases, the pyridoxal-5Ј-phosphate-binding Lys has been identified by chemical analysis. The overlining indicates the phosphoserine aminotransferase protein signature LKGHR (X) 2 GG(X)R ( Van der Zel et al., 1989 tablished by x-ray crystallography of Eco AroQ p • have facilitated recognition of homology. Gu et al. (1997) presented an analysis of 14 proteins belonging to the AroQ protein family. These included the AroQ p • domains of six P-proteins, the AroQ t • domains of four T-proteins, the B. subtilis AroQ d • domain fused to a catalytic domain for 3-deoxy-D-arabino-heptulosonate 7-phosphate synthase, and three monofunctional AroQ f species (two having cleavable signal peptides). Figure 3 displays a multiple alignment updating an expanded AroQ protein family that contains 22 members.
In one case (Archaeoglobus fulgidus), •AroQ• is the central catalytic domain of an apparently trifunctional protein that possesses an N-terminal TyrA domain and a C-terminal PheA domain.
Interestingly, two new substrate specificities are now represented. Streptomyces pristinaespiralis uses a mutase reaction encoded by papB in a pathway generating 4-dimethylamino phenylalanine, a precursor of the antibiotic pristinamycin (Blanc et al., 1997) . PapB converts 4-amino-4-deoxy chorismate to 4-amino-4-deoxy prephenate. Thus, PapB recognizes a substrate with a 4-amino substituent, whereas AroQ recognizes a 4-hydroxy substituent in an otherwise identical molecule. As Mtu AroQ f and Ehe AroQ f cluster with Spr PapB and as both Mycobacterium tuberculosis and Erwinia herbicola possess other AroQ paralogs, Mtu AroQ f , and Ehe AroQ f could quite possibly have PapB substrate specificity. However, Ehe AroQ f has been shown to catalyze the chorismate mutase reaction in vitro (Xia et al., 1993a) . PapB differs from its two closest homologues in its lack of a cleavable signal peptide.
The second substrate specificity is represented by PchB from P. aeruginosa. The two proteins most similar to PchB are from Vibrio vulnificus and Pseudomonas fluorescens and are probably functionally similar orthologues. PchB catalyzes a step in salicylate biosynthesis in P. aeruginosa (Serino et al., 1995) . Serino et al. (1995) conclude that PchA converts chorismate to isochorismate and PchB converts isochorismate to salicylate (and pyruvate). The latter reaction is analogous to that of chorismate lyase, which converts chorismate to 4-hydroxybenzoate (and pyruvate). We suggest an alternative. PchB catalyzes a mutase reaction using isochorismate as substrate and producing isoprephenate. This reaction has been demonstrated in higher plants by Zamir et al. (1993) . For the following step of salicylate production, PchA has an N-terminal extension that is absent in a number of other isochorismate synthases, and we suggest that this may comprise a catalytic domain for what might be termed isoprephenate lyase. Although the N-terminal region of PchA shows no obvious homology to chorismate lyase, as one might expect, such facile reactions exhibit great divergence (or probability for independent origin), as already illustrated by chorismate mutase orthologues and analogues. Figure 4 shows the modular organization shared by all known PheA proteins. An N-terminal catalytic domain (C-domain) is joined to a carboxy-terminal allosteric domain (R-domain). showed that when 260 bp was excised from the E. herbicola •PheA domain at the 3Ј-end, catalytic competence was retained, but allosteric effects were lost. A discrete allosteric domain is consistent with the mutation analysis results of Nelms et al. (1992) . The lengths of the catalytic domains are quite uniform (except for the Nterminal extension found for the Xanthomonas enzyme) (Gu et al., 1997) . Nine C-domain residues are invariant, and many other residues are highly conserved. All of the PheA proteins that have been studied at the enzyme level are specific for prephenate. However, the higher plant (Arabidopsis) PheA protein may prove to be an arogenate-specific protein, as arogenate dehydratase, but not prephenate dehydratase, is readily found in higher plants (Jung et al., 1986) . The single broad-specificity cyclohexadienyl dehydratase that has thus far been cloned and sequenced was found to lack homology with PheA proteins (Fischer et al., 1991) .
THE pheA GENE FAMILY
Modular organization
Homologue R-domains exist in mammalian aromatic amino acid hydroxylases
We noticed that BLAST analyses of various PheA proteins submitted as query entries consistently returned hits for mammalian aromatic amino acid hydroxylases. Alignment matchups were between XIE ET AL. With respect to other indicated residues, residue 11Ј is located on the other subunit in the active homodimer. Residues conserved through at least the bottom major cluster are boxed. Other highly conserved residues are in boldface. Residues marked with H at the top participate in important hydrophobic interactions in Eco AroQ p . Residue numbers are shown at right. An asterisk marks the position of residue 85 in the Vch aroQ t sequence, which almost certainly is a sequencing error. The present TAA stop codon is unlikely because of its location within the coding region of other homologues; residues immediately before and after the codon are highly conserved. It is likely that this residue is E(GAA) or Q(CAA (B) Alignment of C-terminal inhibitor domains of PheA protein family members (top) with N-terminal inhibitor domains of eukarya hydroxylase protein family members (bottom). At the right are the numbers of the final residues presented, followed (slash) by the number of the final sequence residue and accession or contig number. The junction separating the catalytic and allosteric regions is indicated. Residues 309 and 338, shown by mutation analysis in E. coli to be important for feedback inhibition (Nelms et al., 1992) , are marked. The motif (S/TGxDR/KTS) suggested for allosteric activation by tyrosine is boxed. Phenylalanine-4-hydroxylase (Ph4H), tryptophan 5-hydroxylase (Tr5H), and tyrosine 3-hydroxylase (Ty3H) from Mmu, Mus musculus; Rno, Rattus norvegicus; Hsa, Homo sapiens; Bfl, Branchiostoma floridae; Dme, Drosophila melanogaster; Ocu, Oryctolagus cuniculus; Bta, Bos taurus.
the N-terminal region of the hydroxylases (within a region known as the R-domain) and the C-terminal region of the dehydratases. When the Blocks database was searched (BLKSORT Version 7/9/97) using the dehydratase allosteric domain as a query, the Blksort Hits included portions of the hydroxylase R-domain. The alignment in Figure 4B suggests that catalytic domains of eukaryotic hydroxylases and PheA dehydratases each possess fused R-domain homologues (shaded region of multiple alignment shown in Fig. 4B ). Homology is evident throughout a region limited to about 70 amino acids within the C-terminal portion of the R-domains. A central motif is IE(S/T)RP (tryptophan hydroxylases are IESRKS). The motif is flanked on the left by an Lx 3 (L/I/V)x 2 (F/L)x 6 (L/I/M) motif and on the right by a conserved phenylalanine residue. A search of the database for other proteins carrying fused R-domains gave negative results. The first 25-residue portion of PheA R-domains exhibits no relationship to the hydroxylase R-domain. The most N-terminal segments of the R-domains of tyrosine hydroxylase, tryptophan hydroxylase, and phenylalanine hydroxylase (not shown in Fig. 4 ) exhibit variable length and divergent sequences that undoubtedly relate to the individuality of regulation in place.
Oligomerization properties of R-domain proteins
Evidence in the literature suggests that various PheA R-domains can bind one or more aromatic amino acids as modulators of activity, and these frequently promote molecular mass transitions. Three purified Pproteins have been studied in detail, those from E. coli (Hudson and Davidson, 1984) , Alcaligenes (now Ralstonia) eutrophus (Friedrich et al., 1976) , and Acinetobacter calcoaceticus (Ahmad et al., 1988) . The E. coli P-protein is a homodimer that is converted to a tetramer either by exposure to L-phenylalanine or by use of high protein concentrations. Neither L-tyrosine nor L-tryptophan affected activity or molecular mass. The A. eutrophus P-protein persists as a tetramer in the presence or absence of L-phenylalanine, L-tyrosine, or L-tryptophan. All three amino acids bound to the enzyme as allosteric effectors, with L-phenylalanine being a potent inhibitor and both L-tyrosine and L-tryptophan being strong activators. The A. calcoaceticus P-protein exists as a dimer and is converted to a tetramer in the presence of either L-phenylalanine (inhibitor) or L-tyrosine (activator). L-Tryptophan is an activator with unknown effects on molecular mass. High protein concentration did not facilitate tetramer formation, but hysteretic activation was reported.
Among the monofunctional PheA proteins, the B. subtilis enzyme undergoes dimer-to-octamer transitions in the presence of activating effectors (prephenate, L-methionine, or L-leucine) and octamer-to-dimer transitions in the presence of inhibiting effectors (L-phenylalanine or L-tryptophan) (Pierson and Jensen, 1974; Riepl and Glover, 1978) . It was concluded that the dimer is intrinsically inactive and the octamer is the active species.
The bacterial phenylalanine hydroxylases lack an R-domain and exist as monomers (Zhao et al., 1994) , in contrast to mammalian aromatic amino acid hydroxylases, which possess N-terminal R-domains and are multimers (Hufton et al., 1995) . The C-domain of mammalian hydroxylases has a 20-residue C-terminal leucine zipper that stabilizes active tetramer. The C-domains of PheA proteins have no comparable motif. The core C-domain of rat phenylalanine hydroxylases (267 residues) (Dickson et al., 1994) and rat tyrosine hydroxylase (318 residues) (Lohse and Fitzpatrick, 1993) are similar in size to bacterial phenylalanine hydroxylase (267 residues), which is a monomer that lacks an R-domain. The core C-domain of Lohse and Fitzpatrick (1993) was indeed found to be monomeric. Thus, the determinants for dimer and tetramer formation appear to be located within the R-domain, whereas the far C-terminal leucine zipper of the C-domain shifts the dimer-tetramer equilibrium toward tetrameric species. The hydroxylase R-domain is generally considered to be an inhibitory domain that interferes with the active site of the C-domain of rat tyrosine hydroxylase (Hufton et al., 1995) . Phosphorylation and dephosphorylation, which are known to occur at serine residues of the R-domain, have been reported to mediate dimer-tetramer interconversion in mammalian phenylalanine hydroxylases (Smith et al., 1984) . The activation of rat phenylalanine hydroxylase by L-phenylalanine has also been linked to phosphorylation (Tipper and Kaufman, 1992) .
The foregoing general background information suggests that R-domain homologue regions that are fused to catalytic domains of prephenate dehydratase, on the one hand, and to catalytic domains of mammalian aromatic amino acid hydroxylases, on the other hand, are inhibition domains. Effector molecules that bind to the R-domain produce conformational changes that enhance (inhibition) or relax (activation) the C-domain/R-domain interaction. Frequently, but not always, these changes are associated with molecular weight transitions. The details of effector identity and quantitative effect are highly variable from system to system.
In view of such system-specific individuality, perhaps the highly conserved IE(S/T)RP motif of the Rdomain specifies an interdomain interface with the C-domain. A close examination of the C-domains of PheA and aromatic hydroxylase protein families did not reveal any common motif candidate, but the key residues sought may be too widely spaced to be recognized.
REGULATION OF aroQ p •pheA
In enteric bacteria, such as E. coli (Hudson and Davidson, 1984) and E. herbicola (Xia et al., 1993b) , aroQ p •pheA is controlled soley by attenuation. The latter mode of attenuation depends on a ribosome-stalling mechanism operating during translation of a phenylalanine-rich leader peptide located immediately upstream of aroQ p •pheA. In this case, alternative stem-loop structures are favored, depending on the rate of leaderpeptide translation. P. stutzeri aroQ p •pheA clearly lacks an upstream leader peptide that would be needed XIE ET AL.
to participate in a ribosome-stalling mechanism, as it, in fact, overlaps with serC. Translation of serC itself probably could not act as a leader peptide, as serC is not phenylalanine rich at the carboxy-terminus.
In Xanthomonas campestris (Gu et al., 1997) , we noted the existence of alternative stem-loop structures between serC and aroQ p •pheA-one a possible antiterminator structure and the other a rho-independent terminator. As no upstream leader peptide is present, an attenuation mechanism exploiting the alternative stemloop structures would require an unknown regulatory element (e.g., an RNA-binding protein).
Yet another mechanism of regulation is suggested in both P. stutzeri and P. aeruginosa, where a strong stem-loop structure was identified that sequesters the ribosome-binding site of aroQ p •pheA (Xie et al., 1999) . This could provide a mechanism whereby serC translation is required to activate aroQ p •pheA translation by unmasking the sequestered ribosome-binding site. The additional presence of an alternative stem-loop structure might reflect a mechanism whereby aroQ p •pheA is differentially regulated at the translational level. Thus, under conditions of L-serine sufficiency where serC translation is minimal, aroQ p •pheA translation may be uncoupled from serC translation if an appropriate secondary mRNA structure is presented in response to L-phenylalanine limitation. This would require an unknown regulatory gene. In recent years, regulatory mechanisms acting at the level of translation initiation have gained recognition as being more important than previously thought in prokaryotes (De Smit and Van Duin, 1990) .
INTERCISTRONIC REGION BETWEEN aroQ p •pheA AND hisH b
Within the supraoperon boundaries, only the intergenic junction separating aroQ p •pheA and hisH b is sufficiently long to contain promoters, attenuators, and associated regulatory elements that do not overlap coding regions. In P. stutzeri, a strong hairpin structure (⌬G ϭ Ϫ27.0 kcal/mol) overlaps the •pheA stop codon (Xie et al., 1999) . This could be an attenuator structure. If so, unknown elements of regulation upstream and downstream may act to remediate the imperfect uridine-rich segment present, as reported in other systems (Reynolds et al., 1992) . Downstream at the far 3Ј-end of the intergenic space is another hairpin structure (⌬G ϭ Ϫ19.0 kcal/mol), which sequesters the ribosome-binding site. An alternative stem-loop structure (⌬G ϭ Ϫ18.0 kcal/mol) would expose the ribosome-binding site. Perhaps unknown elements of regulation exist to dictate the stabilization of one structure or the other.
The shorter intergenic region of P. aeruginosa was also examined for comparable secondary structure possibilities. No hairpin resembling the far upstream stem-loop of P. stutzeri was found. However, a downstream hairpin structure (⌬G ϭ Ϫ18.0 kcal/mol) sequestering the ribosome-binding site was found, also accompanied by an alternative stem-loop structure (⌬G ϭ Ϫ27.0 kcal/mol).
No hairpin structures were found in the intergenic regions between hisH b and tyrA c or between tyrA c and aroF. Thus, the features of close intergenic spacing and the possible mechanisms in place to mask ribosome-binding sites prior to the event of upstream translation may accommodate coupled translation through much or all of the systems under some conditions. Under other conditions, translation may be uncoupled for selective expression of some genes.
THE hisH B GENE FAMILY
Relationship between imidazole acetol phosphate aminotransferase and histidine/aromatic biosynthesis
Histidine biosynthesis requires an imidazole acetol (IAP) aminotransferase to catalyze the formation of histidinol phosphate by transamination of IAP (Winkler, 1996) . Although a number of microbial aminotransferases are not essential for growth because of the backup capabilities attributed to the broad specificities of the intracellular repertoire of aminotransferases (Jensen and Calhoun, 1981) , the presence of a family I␤ aminotransferase is essential in all organisms studied that rely on endogenous histidine biosynthesis (Jensen and Gu, 1996) .
B. subtilis IAP aminotransferase can provide a backup function in tyrosine and phenylalanine biosynthesis (Nester and Montoya, 1976) , a role normally fulfilled by an aromatic aminotransferase specified by aroJ. Thus, hisH b mutants are auxotrophic for L-histidine, whereas aroJ mutants remain prototrophic for INTERGENOMIC GENE ORGANIZATION
FIG. 5. (next 3 pages)
Multiple alignment of deduced amino acid sequences of HisH b and HisH n proteins. The PILEUP software program of GCG was used to obtain the multiple alignment shown. The dendrogram generated is shown at the upper left. Immediately to the right of the dendrogram are the individual designations, as well as accession or contig numbers. Ending residue numbers are shown at the right of each horizontal data block. At the lower right of the last page of the sequence is given the number of the final residue presented, followed (slash) by the number of the final sequence residue. Residues that are highly conserved are printed in boldface type. Highly conserved residues are boxed in at the level of HisH b or at the level of the entire HisH homology group. The four invariant residues conserved at the superfamily level of aminotransferase homologues are marked with asterisks. Dot characters indicate gaps introduced to optimize the alignment. Zmo, Zymomonas mobilis; Pde, Paracoccus denitrificans; Pae, Pseudomonas aeruginosa; Pst, Pseudomonas stutzeri; Mfl, Methylobacillus flagellatum; Hin, Haemophilus influenzae; Bsu, Bacillus subtilis; Mja, Methanococcus jannaschii; Hvo, Halobacterium volcanii; Mtu, Mycobacterium tuberculosis; Lla, Lactococcus lactis; Axy, Acetobacter xylinum; Ssp, Synechocystis sp.; Rsp, Rhizobium sp.; Sco, Streptomyces coelicolor; Eco, Escherichia coli; Cma, Candida maltosa; Sce, Saccharomyces cerevisiae; Spo, Schizosaccharomyces pombe; Ngo, Neisseria gonorrhoeae; Sso, Sulfolobus solfataricus; HisH b , broad-specificity imidazole acetolphosphate aminotransferase; HisH n , narrow-specificity imidazole acetolphosphate aminotransferase.
histidine, phenylalanine, and tyrosine. Double mutants (hisH b aroJ) require histidine, tyrosine, and phenylalanine. As expected from the in vivo results, purified IAP aminotransferase from B. subtilis was shown to transaminate phenylpyruvate and p-hydroxyphenylpyruvate in vitro (Weigent and Nester, 1976) .
Multiple alignment (Fig. 5 ) clearly shows that P. stutzeri HisH b belongs to the I␤ subfamily of family I aminotransferases. This subfamily consists entirely of enzymes capable of catalyzing the IAP aminotransferase reaction of L-histidine biosynthesis (Jensen and Gu, 1996) . They are not, however, necessarily restricted to this reaction. Subfamily I␤ appears to split into two homology groupings, which correlate with broad substrate specificity (HisH b ) and narrow substrate specificity (HisH n ). E. coli HisH n exemplifies a case of narrow substrate specificity (Martin et al., 1971) . On the other hand, HisH b enzymes from Z. mobilis (Gu et al., 1995) and B. subtilis (Nester and Montoya, 1976 ) illustrate cases of a broadened substrate specificity to accommodate the aromatic ring. It is interesting that P. aeruginosa, Haemophilus influenzae, and M. tuberculosis each possesses two hisH paralogs, one of which clusters with the known broad-specificity enzymes (denoted HisH b ). As P. aeruginosa possesses a hisH n paralog, P. stutzeri probably also possesses a hisH n paralog.
An evolutionary scenario was advanced suggesting that an ancestral hisH b gene encoded a broad-specificity enzyme that was competent for both histidine and aromatic amino acid biosynthesis (Gu et al., 1995) . Gene duplication produced a gene copy (hisH n ) that became biochemically specialized for histidine biosynthesis and became incorporated into the histidine operon. The remaining hisH b , although still producing a gene product competent for catalysis of the histidine pathway reaction, became specialized for aromatic biosynthesis, as is suggested by its persistent genetic linkage with tyrA homologues. If this is so, E. coli must have lost hisH b , the latter likely having been replaced by tyrB (which seems to be unique to enteric bacteria). On the other hand, B. subtilis either lost hisH n or exists in a lineage whose phylogenetic divergence preceded the hypothetical gene duplication event that generated hisH n .
Not consistent with the foregoing scenario is the observation that the HisH b protein class exhibits more similarity to one subgroup of HisH n proteins than the latter exhibits to the remaining HisH n subgroups. Because the application of several tree-building algorithms gave results similar to the PILEUP dendrogram, one has to concede the possibility of the opposite scenario, namely, that hisH n was the ancestral gene and hisH b emerged more recently. The observation that HisH b possesses more invariant residues than does HisH n is also consistent with this possibility.
OTHER GENE FAMILIES REPRESENTED BY GENES OF THE PSEUDOMONAS SUPRAOPERON
The tyrA gene family
The aroF gene family
The gene encoding EPSP synthase (AroF) has been studied from many microbial and plant organisms because it is a sensitive target for the highly effective herbicidal and antimicrobial agent, glyphosate. No comparative analysis of this highly conserved gene is given in this report because of the quantity and quality of information already in the literature.
cmk and rpsA gene families Cytidylate kinase (Cmk) has been recognized at the molecular-genetic level only recently and has been characterized most extensively in B. subtilis (Schultz et al., 1997) and E. coli (Fricke et al., 1995) . rpsA encodes the 30S ribosomal protein S1. Comprehensive analyses of these gene families are not included here because the overview emphasis is restricted to genes that contribute directly or indirectly to aromatic amino acid biosynthesis.
EMERGING PATTERNS OF GENE ORDER CONSERVATION IN EUBACTERIA
The presence of some of the same linked genes (i.e., hisH b -tyrA c -aroF) in P. aeruginosa/P. stutzeri as found in B. subtilis, an established (Henner and Yanofsky, 1993) supraoperon system, suggested to us that these genes might be conserved across surprisingly wide phylogenetic boundaries. We have analyzed the database to search for evidence of the occurrence of these genes together in other organisms. Figure 6 reveals three gene clusters that generally persist throughout both the gram-positive and gram-negative assemblages of bacteria: aroE-aroB, hisH b -tyrA-aroF, and cmk-rpsA. For Paracoccus and Zymomonas, one might predict that future sequencing will show tyrA to be immediately followed by aroF. Burkholderia can be expected to exhibit a gene organization similar to that of Bordetella, but some gene shuffling comparable to that seen in comparison of Escherichia and Yersinia would not be surprising. In Burkholderia, tyrA and aroF overlap in different reading frames by 88 nucleotides.
Given the arrangements shown in Figure 6 , a reasonable working hypothesis is that the ancestral gene arrangement for the organisms shown included linkage of aroE-aroB, hisH b -tyrA-aroF, and cmk-rpsA. Linkage of these genes exists in contemporary lineages of both gram-positive and gram-negative bacteria. genes that separate aroB and aroF in B. subtilis are absent from this region in Staphylococcus. It seems likely that aroH-trpABDCEF arose in Bacillus as an insertion between aroB and hisH b -tyrA-aroF, as the Bacillus arrangement is thus far unique. In Lactococcus tyrA is followed by a putative terminator, and aroF is translationally coupled with aroE, which, in turn, is separated from pheA by a single nucleotide (Griffin and Gasson, 1995) . Streptococcus and Enterococcus exhibit a similar gene arrangement. Neither aroE nor pheA is linked to aroF in B. subtilis or Staphylococcus aureus. Mycobacterium lacks linkage of tyrA and aroF, as well as of cmk and rpsA. Clostridium exhibits some gene shuffling, including the presence of aroD between aroG and aroE, the insertion of aroB between tyrA and aroF instead of between aroE and aroC II , and the insertion of lytB between cmk and rpsA. The cmk-lytB-rpsA gene order is also present in the deeply branching Thermotoga lineage, and in fact, the gene arrangement seen in Thermotoga aroG-aroE-aroBaroC II seems to be generally characteristic of gram-positive bacteria.
Gram-positive bacteria
Formation of a new supraoperon combination in gram-negative bacteria
Members of the ␤ and ␥ subdivisions of Proteobacteria possess the bifunctional AroQ p •PheA (Ahmad and Jensen, 1988a) . In the Pseudomonas lineage, the gene fusion event that presumably created aroQ p •pheA XIE ET AL. Table 1 ). Translational coupling via overlapping stop and start codons is indicated by showing these codons (stop codon in red). More extensive gene overlap is shown in red (e.g., Ϫ8 indicates that 8 nt are shared by flanking genes). The intergenic space between aroB and aroF in Clostridium (Ͻ11) was estimated by multiple alignment comparisons because a start codon for aroF was uncertain. Transcriptional start points (green arrows) and transcriptional terminators (red flags) are shown for the well-documented B. subtilis and E. coli systems. The locations of other strong rho-independent terminator structures are shown, but no attempt has been made to identify promoter regions. Following the preliminary indications of conserved gene order in the developing supraoperons of B. subtilis and P. aeruginosa, the sequences listed in Table 2 The Haemophilus-enteric lineage represents a relatively small cluster within the ␥ assemblage of Proteobacteria where yet a second gene fusion may have disrupted the existing supraoperon organization. This relatively recent gene fusion arose in an ancestral position (B in Fig. 7 ) (Ahmad and Jensen, 1988b) . The aroQ t domain (chorismate mutase) of the newly evolved bifunctional aroQ t •tyrA presumably arose from aroQ p • by gene duplication followed by fusion to the previously monofunctional tyrA .
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In enteric bacteria, a dynamic series of additional evolutionary events altered aromatic amino acid biosynthesis and regulation. Two additional paralogs of the gene encoding DAHP synthase were generated to give the three-isoenzyme assemblage found only in enteric bacteria (Ahmad et al., 1987) . Each evolved a differential sensitivity to feedback inhibition by one of the three aromatic amino acids. One of these genes, denoted aroA y , was joined in operonic linkage with aroQ t •tyrA (event C in Fig. 7 ). This latter group was moved adjacent to aroQ p •pheA, but in convergent orientation on the opposite strand (Fig. 7) . Perhaps the latter event directly resulted in the disruption of hisH b , which is absent in E. coli. In H. influenzae, hisH b is near but not adjacent to aroQ p •pheA on the opposite strand (Fig. 7) . To compensate for loss of hisH b for aromatic aminotransferase function, E. coli generated tyrB, a close paralog of aspC (Jensen and Gu, 1996) .
Reconstruction of the exact changes in gene organization that occurred in transition from supraoperon organization exemplified by P. aeruginosa to that of H. influenzae to that of E. coli is an intriguing prospect to anticipate. Too many evolutionary events separate these organisms to devise a credible scenario at present. However, when comparable genomic information becomes available for a suitably spaced phylogenetic progression of organisms between the current ones, there are realistic prospects that the individual steps of gene reordering taken during evolution can be deduced.
THE aroE-aroB SUPRAOPERON
In gram-negative bacteria, the aroE-aroB linkage is consistently observed, and this extends to some of the gram-positive bacteria. Interestingly, aroG and aroB comprise the proximal genes of both Staphylococcus and the aforementioned B. subtilis supraoperon, but aroE is absent between aroG and aroB.
Shikimate kinase homologues
Shikimate kinase is encoded by two paralog genes in E. coli, and these have been denoted aroK and aroL in the literature. The gene adjacent to aroB is aroK (our designation, aroE k ). The gene product of AroE K has been postulated to have some function other than shikimate kinase in vivo, as it has a 100-fold lower affinity for shikimate than does AroE L (Pittard, 1996) . Indeed, the loss of AroE K has been found to confer resistance to mecillinam and has been postulated to function in the regulation of cell division, perhaps by phosphorylating a cell division protein (Vinella et al., 1996) . Thus, the aroE-aroB tandem appears to function in multiple pathways (a mixed-function entity). Surprisingly, H. influenzae does not possess the aroL paralog, and therefore in H. influenzae, aroE K is probably essential as a source of shikimate kinase in addition to the additional role just discussed. The high sequence divergence of this relatively small protein hinders any dogmatic conclusions about which of the two E. coli paralogs might correspond to a given aroE gene in another organism.
At first glance, Helicobacter appears to lack aroE upstream of aroB (HP0283). However, only 4 nt separate aroB from ORF HP0282 upstream. Recalling that aroE has been functionally implicated in cell division, it is suggestive that BLAST yields a weak hit for a kinesin-related protein (which is related to cell division) in the carboxy-portion of HP0282. Furthermore, E. coli AroE aligns with only two single gaps with the amino-terminal portion of HP0282. Helicobacter aroB is, in fact, the second gene in an apparent cell division operon that includes a homologue of ftsH (HP02286). A total of seven genes are either spaced within a few nucleotides or translationally coupled. Undoubtedly, the gene designated aroK (HP0157) in H. pylori is the gene encoding the functional shikimate kinase and may be the counterpart of the E. coli aroE L paralog.
Expansion of the aroE-aroB supraoperon in E. coli
In E. coli, aroE and aroB are the proximal members of the large mixed-function supraoperon aroE-aroBurf-dam-rpe-gph-trpS (see Introduction). Organisms in the database as close to E. coli as Haemophilus do not possess this expanded supraoperon gene organization. It will be interesting to see which relatives of E. coli at what hierarchical level of phylogeny exhibit the expanded supraoperon.
PERSPECTIVE
Bacterial gene order exhibits a tendency toward randomization that is perhaps surprising (Mushegian and Koonin, 1996; Watanabe et al., 1997) . It has been pointed out that the infrequent instances of strong conservation of gene strings often involve demonstrated or suspected physical association of the cognate gene products (Dondekar et al., 1998; Mushegian and Koonin, 1996) . In this connection, it is intriguing that aroB and aroF, which flank the distal ends of the large B. subtilis supraoperon, correspond to two catalytic domains within the pentafunctional AROM protein of Aspergillus nidulans, which have been shown to require physical interaction with one another to maintain catalytic activity (Moore and Hawkins, 1993) . Overall, it appears that the multifunctional supraoperon organizations present in B. subtilis and P. stutzeri/P. aeruginosa reflect strongly conserved gene organizations across relatively wide phylogenetic distances. At the same time, there has been considerable shuffling of gene order within this overall scaffold of gene organization. The generally high degree of conservation observed may reflect global relationships of regulation that govern complex metabolic ties. Although such global relationships may be in a state of flux, some of them might have been captured and preserved in cases where gene neighbors evolved gene products that became mutually dependent on a state of physical interaction.
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FIG. 7.
Comparison of the positional placement and directional orientation of the serC, aroQ p •pheA, hisH b , aroQ t •tyrA, and aroF genes on the 100-minute maps of H. influenzae and E. coli. Gene homologues are color-coded. In E. coli, the position of tyrB (which has replaced hisH b for aromatic biosynthesis) is also shown. Genes placed on the (ϩ) strand or on the (Ϫ) strand in the database are shown in the rightward-pointing or leftward-pointing orientation, respectively. The flag shown between •pheA and •tyrA c of E. coli is a bidirectional terminator.
